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Abstract
Conductive, flexible graphene/poly(trimethylene carbonate)(PTMC) composites (PTMCCCG) were prepared. Addition of just 3 wt.% graphene to PTMC oligomers functionalized
with methacrylate end-groups followed by UV-crosslinking results in more than 100%
improvement in tensile strength and enhanced electrical conductivity by orders of magnitude
without altering the processability of the host material. The addition of graphene also
enhances mesenchymal stem cell (MSC) attachment and proliferation. When electrical
stimulation via the composite material is applied, MSC viability is not compromised and
osteogenic markers are upregulated. Using additive fabrication techniques, the material is
processed into multi-layer 3D scaffolds which supported MSC attachment. These conducting
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composites with excellent processability and compatibility with MSCs are promising
biomaterials to be used as versatile platforms for biomedical applications.

1. INTRODUCTION
The need for conductive and mechanically durable, biocompatible and degradable materials in
tissue engineering has increased as the benefits of electrical stimulation (ES) in tissue
regeneration have been recognized.1-3 Graphene, a single layer 2D nanomaterial made of sp2
carbon atoms, has recently attracted the attention of researchers due to its extraordinary
mechanical, electrical, thermal and optical properties.4-5 The properties of graphene and its
derivatives that make it attractive for use in tissue engineering are related to the high surface
area, electrical conductivity and mechanical properties, such as flexibility and tensile strength,
as well as the ease of functionalization.6-7 Graphene and its derivatives have been shown to
promote and sustain differentiation of anchorage-dependent cells6, 8-11 including mesenchymal
stem cells (MSCs). MSCs are anchorage-dependent multipotent cells that have shown
enhanced attachment, proliferation, and differentiation towards several cell types, including
osteoblasts and epithelial cells on graphene-based substrates.9, 12
Even small loadings of graphene can be used to tailor the properties of biopolymers13-19, for
instance, addition of less than 5% graphene can improve the conductivity of biopolymers by
up to 13 orders of magnitude.14 This allows fabrication of graphene and graphene composite
electrodes with versatile functions such as ES of cells that has recently been exploited in
neural applications, resulting in improved neurite outgrowth.20-21
Despite its advantageous properties for biomedical applications, the biocompatibility and
degradation of graphene in physiological environments is not well known and reports on its
slight cytotoxicity need to be thoroughly investigated. Yang & Wan et al.
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studied toxicity

of graphene sheets functionalized with polyethylene glycol with a size range of 10-30 nm and
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suggested they were gradually cleared from mice by renal and faecal clearance. An injected
dose of 20 mg kg-1 did not cause obvious toxicity in the study. Hydrogen peroxidase is
reported to take part in the degradation of graphene which could partly facilitate elimination
of graphene from the body.23 In in vitro studies graphene nanoplatelets incorporated in
polylactide (PLA) have shown no cytotoxicity to mouse embryo ﬁbroblasts and have
decreased thrombogenicity in comparison to pristine PLA films.24 In another study carbon
nanoparticles revealed moderate toxicity towards MSCs in vitro.25 Few-layer graphene has
been reported to increase extracellular generation of reactive oxygen species
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which is

proposed to be a leading mechanism for toxicity of engineered nanomaterials.27
PTMC is an aliphatic polymer synthesized via the ring opening polymerization of
trimethylene carbonate.28 It is a highly flexible elastomer making it an attractive material for
mimicking soft but strong tissue matrices, such as large veins and arteries.29 PTMC is a
surface eroding polymer with enzymes playing an important role in its in vivo erosion.30 It has
been shown that PTMC networks with excellent mechanical properties can be prepared by
photo-crosslinking PTMC oligomers end-functionalized with methacrylate groups (PTMC
macromers). Increasing the molar mass of the oligomers significantly enhances the
mechanical properties of the resulting networks.31
In this work, the effect of graphene addition on the properties of UV-crosslinked PTMC
networks has been investigated. The processability of the materials was examined through the
additive fabrication of multi-layered 3D scaffolds. Compatibility of the composite scaffolds
and equivalent 2D films was tested with human MSCs. Moreover, the effect of ES via
composite films was evaluated for MSCs under osteogenic differentiation conditions.
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2. Experimental Section
Materials: Trimethylene carbonate (1,3-dioxane-2-one, TMC) was obtained from ForYou
Medical (China) and used as received. Graphite powder was obtained from Bay Carbon. N,Ndimethylformamide (DMF), trimethylamine (TEA), phosphorus pentoxide (P2O5),
trimethoxysilylpropylmethacrylate, hydrazine monohydrate (N2H4 64-65 %, reagent grade,
98%), ethylene carbonate, trimethylolpropane, stannous octoate (Sn(Oct)2), hydroquinone,
methacrylic anhydride and triethylamine were sourced from Sigma–Aldrich. Chloroform,
potassium persulfate (K2S2O8) and potassium permanganate (KMnO4) were obtained from
Chem-Supply. Sulphuric acid (H2SO4) and 30% hydrogen peroxide (H2O2) were purchased
from Ajax Finechem. 1-[4-(2-hydroxyethoxy) phenyl]-2-hydroxy-2-methyl-1-propane-1-one
(Irgacure 2959) was purchased from Ciba (Ciba®, Switzerland). Dichloromethane (>99.5%)
was purchased from VWR chemicals, Belgium. Milli-Q water with a resistivity of 18.2 mΩ
cm-1 was used in all preparations.
Sample Preparation
Preparation of DMF-dispersed chemically converted graphene (CCG): The DMF-dispersed
graphene dispersions were prepared through chemical reduction of graphene oxide (GO) to
graphene nanosheets (CCG) followed by dispersing the nanosheets in DMF. GO was
synthesized from natural graphite using a modified Hummers’ method in two steps using
K2S2O8, P2O5 and H2SO4 followed by H2SO4, KMnO4 and H2O2 to achieve better oxidation.3233

GO was then chemically converted to graphene (CCG) in aqueous media using hydrazine

and ammonia at 90oC.34 Addition of excess amount of hydrazine followed by acidification
resulted in the formation of graphene powder. After filtration, washing and drying, the
graphene powder was dispersed in DMF using sonication and addition of TEA to give a 0.5
mg ml-1 stable homogeneous dispersion of graphene nanosheets with a sheet size of ~ 400
nm.35
4

Preparation of PTMC macromers: PTMC macromers were prepared according to previously
described methods.31 In short, a 3-armed PTMC oligomer was synthesized by ring opening
polymerization of TMC using trimethylolpropane and Sn(Oct)2 as initiator and catalyst
respectively. The monomer and initiator were charged in a silanized 3-necked flask and
polymerized for 3 days at 130˚C under argon atmosphere. The molar mass of the oligomer, as
determined by 1H-NMR analysis, was 19.3 kg mol-1. The oligomer was dissolved in dry
dichloromethane and reacted for 5 days at RT with methacrylic anhydride (2.5 mol/mol
oligomer) in the presence of trimethylamine (2.5 mol per mol oligomer) and 0.1 wt%
hydroquinone as inhibitor to prevent premature crosslinking. This resulted in photocrosslinkable macromers functionalized with methacrylate end-groups. Purification was done
by precipitation in cold methanol and subsequent drying under vacuum. Analysis by 1H-NMR
showed that the degree of functionalization was 77%.
Preparation of PTMC composites: To prepare PTMC dispersions for film preparation,
PTMC macromer and photoinitiator (Irgacure 2959, 5 wt.% relative to the macromer) were
dissolved in DMF or DMF-dispersed graphene (CCG). After stirring for 2 hours, the
dispersion was cast onto a petri dish and the solvent was evaporated. The resultant film was
then crosslinked by UV-irradiation (using a Hanovia 125 Watt UV-lamp) for 10 min,
followed by soaking in chloroform and washing with acetone/water mixtures (80/20),
decreasing the acetone/water ratio stepwise until the films were in pure water. The samples
were labelled according to the weight percentage of their graphene content, e.g. PTMC-CCG
3% contained 3 wt.% graphene. Films were used for material characterization and were cut
into circular shapes (diameter 1 cm) for cell culture.
PTMC-CCG 3% dispersion used for electrical stimulation substrates were spray-coated using
a

SONO-TEK

spray

coating

system

(Sono-Tek

Corporation,

USA)

on

trimethoxysilylpropylmethacrylate-treated and ozone-treated glass slides. The coated glass
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slides were fixed on a 80oC heated platform to evaporate the solvent. The samples were then
UV-irradiated and washed as above. 4-well chambers (Nunc) were attached to spray-coated
glass slides. Electrical connections were attached to both ends of the conductive film outside
the chambers.
3D printing of PTMC scaffolds: PTMC scaffolds were printed by modifying the method used
by Bat et al.29 using a KIMM SPS1000 bioplotter extrusion printing system. PTMC macromer
was dissolved in DMF or DMF-dispersed graphene (based on the desired percentage of CCG
in the product) followed by addition of ethylene carbonate (80 wt.% relative to the macromer)
and photoinitiator (as above). After evaporation of DMF on a hotplate and vacuum oven, the
resulting material was printed at 60-150oC and 100-200 kPa nitrogen pressure, depending on
the graphene content of the sample, as graphene addition increases the viscosity of the
material (Figure S 2). The ethylene carbonate was crystallized by exposing the structure to
liquid nitrogen vapor during the printing and the printed scaffolds were kept at 4oC. The
samples were then crosslinked by exposing them to UV irradiation for 10-15 min. The
scaffolds were kept in deionized water at 4oC for 4 days followed by chloroform, ethanol and
acetone/water washing to remove ethylene carbonate and the other possible residues.
Material characterisation: The number average molar mass (Mn) of the oligomers and the
monomer conversion were determined by 1H-NMR (Varian Inova 400 MHz, Brüker,
Germany).Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA
Q500 on 10 mg of samples with a heating rate of 10°C min-1 under a nitrogen atmosphere.
Differential Scanning Calorimetry (DSC) analysis was performed on a DSC Q100 from TA
Instruments at a rate of 10oC min-1 between -50 to 180oC. Scanning electron microscopy
(SEM) images were taken with a field-emission SEM (JEOL JSM-7500FA). To prepare
samples for cross-sectional images, the films were frozen in liquid nitrogen, fractured and
sputter-coated (EDWARDS Auto 306) with a thin layer of platinum (~12 nm thickness).
6

Raman spectra were recorded on a Jobin Yvon Horiba HR800 Raman system using a 632 nm
laser line and a 300-line grating. Fourier transform infrared (FTIR) spectra were measured
between 400 and 4000 cm−1 on a Shimadzu IRPrestige-21 infrared spectrometer. The spectra
were obtained using attenuated total reflection (ATR) on 1 ×1 cm films t.
The mechanical properties of all samples were tested using an Instron 5566 Universal Testing
Machine (USA) with Trapezium X software. To prepare samples for mechanical property
tests, the samples were cut into strips with width of 3 mm and length of 20 mm. The tensile
properties of the samples were measured at a constant rate of 10 mm min-1. Rheological
properties were studied using a rheometer (AR-G2, TA Instruments) with a stainless steel
plate diameter of 25 mm. The surface conductivity of the composite films was measured
using two-point probe and four point probe methods with Fluke 287 True-RMS and Jandel
RM3 Conductivity Meters. All sonication was done using a Branson Digital Sonicator
(S450D, 500W, 40% amplitude).
Culture and characterization of cells
Isolation and culture of mesenchymal stem cells: Adipose tissue harvests were obtained from
surgical procedures on 3 female donors with an average age of 47 ±19 years in the
Department of Plastic Surgery, Tampere University Hospital. The tissue harvesting and the
use of MSCs were conducted in accordance with the Ethics Committee of the Pirkanmaa
Hospital District (R03058). MSCs were retrieved from adipose tissue using a previously
described isolation method.36-37 In brief, the adipose tissue samples were digested with
collagenase type I (1.5 mg ml-1; Invitrogen, USA). The isolated MSCs were maintained and
expanded in T-75 cm2 polystyrene flasks (Nunc, Roskilde, Denmark), and cryopreserved in
freezing solution containing 10% dimethyl sulphoxide (Hybri-Max DMSO; Sigma-Aldrich,
USA). Cells were thawed in maintenance medium consisting of Dulbecco’s Modified Eagle
Medium /Ham’s Nutrient Mixture F-12 (DMEM/F-12 1:1, Invitrogen, USA), 10% foetal
7

bovine serum (FBS, Invitrogen), 1% L-glutamine (GlutaMAX I; Invitrogen) and 1% penstrep (100 U ml-1 penicillin, 0.1 mg ml-1 streptomycin; Lonza).
MSCs of passage 1 were harvested and analyzed by flow cytometry (FACS Aria; BD
Biosciences) as previously described.38 Monoclonal antibodies against CD14-PE-Cy7, CD19PE-Cy7, CD45RO-APC, CD73-PE, CD90-APC (BD Biosciences, USA); CD34-APC, HLADR-PE (Immunotools); CD105-PE (R&D Systems, USA) were used. Analysis was performed
on 10,000 cells per sample, and unstained cell samples were used to compensate for the
background autofluorescence levels.
Positive expression (≥75%) of CD73, CD90, and CD105, lack of expression (≤2%) of CD14,
CD19, CD45, and HLA-DR, and moderate expression (2–50%) of CD34 (Table S-1) was
detected. Apart from the highly varying expression profile of CD34, this expression profile is
in accordance with that defined by the Mesenchymal and Tissue Stem Cell Committee of the
ISCT.39 Varying expression of CD34 has been shown to be typical for MSCs from adipose
tissue.40-45
Prior to cell seeding, films, ES chambers with spray-coated PTMC-CCG 3%, and scaffolds
were disinfected in 70% ethanol for 15 min, rinsed 3 times with phosphate-buffered saline
(PBS) and incubated with DMEM supplemented with 1% pen-strep overnight. For the
material comparison experiments with films, cylinder-shaped inserts were used to hold the
films in place in 48-well cell culture well plates (Greiner Bio One). Cells were seeded at a
density of 5200 cells cm-2 and the experiment was repeated twice with 2 different donor lines.
In the case of the ES experiments with spray-coated PTMC-CCG 3%, cells were seeded at a
density of 18,400 cells cm-2 in the first experiment, 11,300 cells cm-2 in the second
experiment, and 4,400 cells cm-2 in the third experiment. Each experiment was performed
with a different donor line. Higher cell density in the first ES experiment (donor 1) was used
8

because of earlier onset of osteogenic induction to ensure that the cells would remain densely
packed and in the elongated morphology that had developed during the osteogenic induction.
In addition, as the experiment continued for 5 additional days, cells were allowed to reach
confluency earlier. For the second ES experiment (donor 2), lower cell seeding density was
used to allow longer culture times in the ES chambers. However, cells in the unstimulated
control group had detached on the 12th day due to high confluency and hence cell density and
the cell culture time was decreased in the third ES experiment (donor 3) to avoid the risk of
cell detachment. Scaffolds were held in place with the cylinder-shaped inserts and seeded
with 9,000 cells in 0.7 ml.
Electrical stimulation of mesenchymal stem cells: Pulsed biphasic current with a frequency of
100 Hz, pulse width of 2.5 ms, and current of 10 µA was applied across the spray-coated glass
slides for 4 h per day for up to 7 days. Current was generated by a DS8000 Digital Stimulator
and A365 Isolator units (World Precision Instruments, USA) and monitored with an e-corder
system (eDAQ). Cells were cultured in osteogenic induction medium consisting of
maintenance medium supplemented with 5 nM dexamethasone, 250 µM l-ascorbic acid-2phosphate, and 10 mM β-glycerophosphate (Sigma-Aldrich). In the first experiment cells
were primed in osteogenic induction medium 4 days before cell seeding on the films and ES
was initiated the day after cell seeding. For the 2 latter experiments, osteogenic induction
medium was added the day after cell seeding and ES was initiated 3 days after cell seeding.
Cell attachment and viability: Cell attachment and viability were evaluated qualitatively in ES
experiments using calcein AM (Molecular Probes, Life Technologies) to visualize viable cells
and propidium iodide (Sigma-Aldrich) to visualize dead cells according to manufacturers’
protocols. Samples were examined with a fluorescence microscope (Zeiss Axioimager).
Images were compiled using Paint.Net version 4.0.9. Contrast and brightness was altered to
better expose all the cells in all samples.
9

Due to the high autofluorescence of the 3D-printed scaffolds viability of MSCs with calcein
and PI could not be evaluated on these samples. Cells on the scaffolds were rinsed with PBS
and fixed with 3.7% paraformaldehyde for 10 min following permeabilization of cells by
0.1% Triton X-100 (Sigma-Aldrich) for 10 min. Subsequently, samples were incubated in
solutions of 165 nM Alexa 488-Phalloidin (Molecular Probes, Life Technologies) in 100 μL
of 1% bovine serum albumin (Sigma) to allow imaging of the F-actin in cytoskeletons of
MSCs.
Cell proliferation: Cell proliferation was studied using CyQuant® Cell Proliferation Assay Kit
(Molecular Probes®) according to the manufacturer’s protocol. In brief, on the days of the
analyses, samples were washed with PBS and lysed with trituration in 0.1% Triton-X 100
(Sigma-Aldrich) in PBS (lysis buffer) and stored at -80 °C until analysis. After thawing, 20
µL of each sample lysate was pipetted into triplicate wells of a 96-well plate. Lysates were
mixed with 180 µL CyQuant® GR dye in lysis buffer. The fluorescence was measured using a
microplate reader (FLUOstar Omega spectrometer, Brightside Scientific, Sydney) at 480 nm
(Ex) /520 nm (Em).
Alkaline phosphatase activity: Alkaline phosphatase (ALP) activity was determined from the
same Triton-X 100 lysates as the cell proliferation assays. The samples were incubated with a
1:1 mixture of alkaline buffer solution (1.5 M 2-amino-2-methyl-1-propanol, pH 10.3; SigmaAldrich) and stock substrate solution (p-nitrophenyl phosphate, 4 mg ml-1; Sigma-Aldrich) at
37oC for 15 min. The reaction was stopped with 1.0 M sodium hydroxide. The intensity of the
color was measured at 405 nm using a microplate reader. ALP activity was normalized to
DNA content.
Quantitative real-time PCR: RNA was isolated with an RNA isolation Mini Kit (Bioline,
Sydney) according to the manufacturer’s protocol. An additional RNA purification step was
performed by using DNase clean-up kit (Promega) according to manufacturer’s protocol.
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RNA concentration was measured with Nanodrop 2000 (ThermoScientific).The absence of
DNA contamination in the purified samples was confirmed by conversion to cDNA in the
absence of the transcription enzyme using the Tetro cDNA Synthesis kit (Bioline) and PCR
performed with C100 TouchThermal Cycler (Bio-Rad, Hercules, USA). The gene expression
of the osteogenic-associated genes ALP, Runx2, Collagen type I (Col I) were measured with 2
technical replicates. The primer sequences with accession numbers are presented in Table S2. The relative gene expression was normalized to human acidic ribosomal phosphoprotein P0
(hRPLP0) and efficiencies (accepted range 90-110%) were taken into account by using
following equation

𝑟𝑎𝑡𝑖𝑜 =

𝐸(𝑡𝑎𝑟𝑔𝑒𝑡)∆𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑡𝑟𝑒𝑎𝑡𝑒𝑑) 46
𝐸(𝑟𝑒𝑓)∆𝐶𝑡 𝑟𝑒𝑓(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

Each reaction mixture contained 14 ng of cDNA, 300 nM forward and reverse primers and
SsoFastTM EvaGreen® Supermix (Bio-Rad). The qRT-PCR reactions were performed in a
C1000 Touch Thermal Cycler CFX96 Real-time System (Bio-Rad) using 95 ⁰C for 30 s
enzyme activation, 40 cycles at 95 ⁰C for 5 s denaturation followed by annealing and
extension for 5 s at 60 ⁰C.
Statistical analysis: The statistical analyses of DNA content, ALP activity and gene
expression were performed with IBM SPSS statistics version 21. The relative DNA content
comparison between PTMC-CCG, PTMC and control polystyrene cell culture plates was
analyzed by One Way ANOVA with Bonferroni correction. The difference between
stimulated and unstimulated samples was evaluated with Student’s t-test and the equal
variance assumption was checked by Levene’s Test. The data were combined and presented
as mean ± standard deviation (SD) and the results were considered statistically significant
when p<0.05.
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3. RESULTS AND DISCUSSION
This is the first study to the best of our knowledge to add graphene as filler in a PTMC matrix
for developing a conductive, flexible, and biodegradable composite material. We also
successfully created scaffold structures of the composites by 3D printing, which opens further
possibilities for rapid manufacturing of tailor-made scaffold structures. The electrical
performance of the composite was tested for enhancing osteogenic differentiation of MSCs
under ES. Conductive materials have rapidly gained interest in bone tissue engineering due to
the high potential of ES as a trigger towards osteogenic differentiation of stem cells.37, 40, 47-48
However, only polypyrrole-based conductive scaffold materials have so far been tested for
administering ES to MSCs in order to promote osteogenic differentiation.37,

40, 48

Another

(even greater) area for conductive and flexible materials lies in neural applications for
fabricating neural conduits and electrode materials.49 Homogeneous dispersions of graphene
nanosheets in DMF

35

were utilized for developing the biocomposites. As shown in previous

work 13-14, 16, 50, this stable DMF-dispersed graphene provides uniform dispersions of graphene
nanosheets in the polymer matrix to develop processable composites with excellent
compatibility with the tested cell type through a facile mixing/casting method.
3.1. Thermogravimetric Analysis. The thermal behavior of the PTMC macromer as well as
PTMC films with 0, 0.5 and 3 wt.% graphene content after UV-crosslinking is shown in
Figure 1. The PTMC macromer shows two weight loss regions. A slow weight loss between
110 to 250oC, which could be attributed to the loss of methyl methacrylate and the solvent
residues, followed by a major loss at ~ 250oC due to the decomposition of the PTMC
oligomers. After UV-crosslinking, the decomposition temperature of the polymer was
increased to around 280oC due to formation of PTMC networks. Addition of graphene
improved the thermal stability of the polymer i.e. PTMC with 3 wt.% CCG showed an
increased decomposition temperature up to 290oC. The decomposition of the composites
12

takes place through a single stage starting at ~ 260oC and no melting peak was observed in
the sample with 3wt.% CCG (Figure S 1), indicating successful UV-crosslinking of the
graphene/PTMC samples and formation of amorphous network structures.

Figure 1. Thermogravimetric analysis of PTMC macromer, PTMC film and PTMC
composites with 0.5 and 3 wt.% graphene content.
3.2. Scanning Electron Microscopy. SEM images of PTMC samples with and without
graphene are shown in Figure 2. A significant difference was observed between the crosssectional morphologies of the PTMC macromer and the film after crosslinking, which
demonstrates a stratified, uniform structure across the sample (Figure 2B). PTMC-CCG 3%
composite showed a condensed inner structure with uniform orientation, which may indicate
homogenous dispersion and orientation of graphene sheets in the polymer matrix (Figure 2D).
Both PTMC and the PTMC-CCG composite show uniform surface morphology with no
observable cracks or agglomeration, although the graphene addition resulted in increased
surface roughness in the composite (Figure 2E). The morphological changes in the surface
and cross-sections of the samples toward more condensed and oriented structures accounts for
the improvement in mechanical properties of the composites.
13

Figure 2. SEM images of cross-sections (A,B,D) and surfaces (C,E) of PTMC macromer
(A), PTMC film (B,C) and PTMC-CCG 3% composite (D,E).
3.3. Material Composition. Raman spectra were collected on the samples between 200 and
4000 cm−1 (Figure 3A). In the PTMC macromer, the =CH2 bending vibrations of the
methacrylic group appear at 945 cm−1. The peaks at 1740 cm−1 and 1296 cm−1 are assigned to
C=O stretching in ester bonds and the C-O-C stretch, respectively. The bands around 1480
cm−1 correspond to CH3 and the signals at 2900 to 3000 cm−1 are associated with the CH
stretching. After crosslinking, a significant decrease in the intensity of =CH2 peak followed
by an increase in the CH stretching region was observed, confirming the formation of
crosslinks in the PTMC. In the spectra of the graphene composites, two sharp peaks at 1329
14

and 1586 cm−1 are associated with the D and G bands of the incorporated graphene sheets. By
increasing the graphene content, only graphene peaks are visible in the spectra due to their
higher intensity than the polymer peaks. The position and the ratio of D and G bands of the
incorporated graphene have barely changed compared to the pristine graphene, indicating that
there is negligible change in the sp2 domains and the structure of the graphene.51-52
FTIR spectra of PTMC and PTMC composites are demonstrated in Figure 3B. In the
spectrum of the macromer, the absorbance peak at 1740 cm−1 is assigned to C=O stretching in
the ester bond and the 1234 cm−1 band associates with C-O-C groups. The peaks at 1411cm−1
and 1477 cm−1 correspond to CH3 bands. The peaks at 922 and 945 cm−1 are attributed to the
bending vibrations of the =CH2 in the methacrylic group and the weak peak at 1307 cm−1
could be attributed to C=C bonds. After crosslinking, the =CH2 peaks were replaced by two
new peaks with decreased intensities and the peak at 1307 cm-1 disappeared, indicating the
elimination of most of the double bonds due to formation of crosslinks in the polymer. The
spectra of the PTMC-CCG composite is similar to the PTMC polymer, confirming that the
addition of graphene has not affected the major structure of PTMC even after increasing the
graphene content to 3 wt.%.
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A

B

Figure 3. Raman (A) and FTIR (B) spectra of PTMC macromer, PTMC film and PTMC
composites.

3.4. Electrical and Mechanical Properties. The electrical conductivity of the samples
increased with addition of graphene from  1x10-3 S m-1 in samples with 0.5 wt.% CCG to 
1x10-1 S m-1 in composites with 3 wt.% CCG (Figure 4A). The conductivities of the films
under cell culture conditions were expected to be in similar ranges because PTMC-CCG has
very low water uptake. Given the insulating nature of the pristine biomaterials, with electrical
conductivities ranging from 10-13 to 10-8 S m-1, it can be concluded that very low graphene
loadings (~ 0.5 wt.%) can induce at least 5 orders of magnitude increase in the electrical
conductivity of PTMC. The conductivity of 3 wt.% PTMC-CCG is in the range of that of
muscle tissue (0.4-0.47 S m-1) and higher to that of bone tissue (0.02-0.07 S m-1).53
In electrical stimulation experiments, generated potentials over the electrical circuits were
monitored daily up to the maximum of 10 days of ES (Figure S 3). The polarization
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resistance did not change through the duration of ES experiments, implying high
electrochemical stability of the coatings.
Figure 4B presents the typical stress–strain curves of PTMC and graphene PTMC composites.
The detailed data are represented in Table 1. Increasing the graphene content improved the
mechanical properties of PTMC. Slight improvements in tensile strength of PTMC on
addition of 0.5 wt.% graphene was increased to 83% and 112% on addition of 1.5 and 3 wt.%
CCG, respectively. The Young’s modulus gradually increased with increasing CCG content
as well, the composite with 3 wt.% CCG showing a Young’s modulus of 19 MPa, which is
around 500 % higher than that of PTMC. Addition of graphene did not affect the elongation
at break of the samples, but provided some improvement in the strain of the samples with 3
wt.% CCG content. The results indicate homogenous dispersion of graphene nanosheets in the
PTMC polymer matrix without causing structural defects, which resulted in significant
mechanical enhancement in the composites.

A

B

Figure 4. Electrical conductivity (A) and stress-strain curves (B) of PTMC films with
different graphene contents.
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Table 1. Mechanical properties of PTMC films with different graphene contents.
Young’s Modulus
Sample

Tensile strength [MPa]

Elongation at break [%]
[MPa]

PTMC

3.5±0.4

302±7

3.2±0.2

PTMC-CCG 0.5%

3.8±0.4

303±9

3.7±0.2

PTMC-CCG 1.5%

6.4±0.3

316±15

9.4±0.3

PTMC-CCG 3%

7.4±0.3

420±11

19.1±0.5

3.5. 3D Printing. Single to multi-layered (up to 7 layers) PTMC and PTMC-CCG scaffolds
of 1 × 1 cm in dimensions and a pore size of 500-1000 μm (Figure 5) were printed using a
KIIM Bioplotter.
Graphene played a role in retaining the structure of the scaffolds. Ethylene carbonate is a
solvent that helps scaffolds to retain their structures during printing. After crosslinking, the
ethylene carbonate leaches out, resulting in slight deformation of the scaffold structures
followed by adhesion of different layers to each other. Graphene helped to retain the structure
of the scaffolds after removal of the ethylene carbonate. The graphene scaffolds, even at low
graphene content, exhibited a stable structure, with patterns and layers that were better
resolved than for the PTMC scaffolds.
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A

B

C

Figure 5. 3D printed PTMC (A) and PTMC-CCG 0.5 % scaffolds at high (B) and low (C)
resolution.
3.6. Cell viability, attachment, and proliferation on the composites. MSCs were seeded on
glass slides that had been spray-coated with PTMC-CCG 3%. Cells were similarly viable with
and without ES after 7 days in osteogenic medium as shown in Figure 6A-C. Cell densities,
morphologies and viability did not differ from polystyrene cell culture plates, indicating that
PTMC-CCG 3% was a suitable substrate for MSCs.
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Phalloidin staining of MSCs on 3D printed PTMC-CCG 0.5% scaffolds and PTMC scaffolds
revealed attached and evenly spread cells throughout both scaffold types as indicated by the
flat, adherent morphology of the cells (Figure 6D-E). Addition of graphene did not alter cell
number as no significant differences between DNA content of MSC cells on PTMC-CCG 3 %
and PTMC were found after 1 and 7 days of culture (Figure S 4).

Figure 6. Live/dead stained MSCs were similarly viable on spray-coated PTMC-CCG 3%
without (A) and with (B) ES as well as on PS cell culture plate (C) after 7 days of culture.
Scale bars represent 200 µm. Actin cytoskeleton (phalloidin) staining of MSCs on 3D printed
PTMC-CCG 0.5% and PTMC scaffolds (D,E) after 3 days of culture in maintenance medium.
Scale bar 200 µm.

3.7. Effect of Electrical Stimulation on Mesenchymal Stem Cells. ES was applied through
the PTMC-CCG 3% coated glass slides that were seeded with MSC-cells. ES did not have a
statistically significant effect on cell number. After 5 days Donor 2 showed slightly lower cell
number under ES (Figure 7A and B) while Donor 3 cells did not differ from the control
(Figure 7A). Cell number increased with time with and without ES but was slightly more
pronounced for Donor 2 without ES (Figure 7B).
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A

B

Figure 7. A) Effect of ES on MSCs numbers relative to unstimulated controls. Results are
shown as fold difference relative to unstimulated control after 5 days of ES. B) Cell number
measured at 2 time points (Donor 2).

When MSCs were primed in osteogenic medium for 5 days before initiation of ES, analyses
of gene expression showed upregulation of ALP and Col I after 5 days of ES. The effect of
ES on gene expression with and without priming is depicted in Figure 8A. VEGF was
unaffected by ES and Runx2 was slightly downregulated with 5 day priming before ES. When
osteogenic induction was initiated only 2 days before ES (non-primed), gene expression of
MSCs did not show significant differences between the groups after 5 days of stimulation.
Therefore priming cells in osteogenic medium for an extended period (5 days) prior to
electrical stimulation appeared to enhance the effect of electrical stimulation on changes in
gene expression; however, this effect may be contributed to by variations in expression
between patients. Hammerick et al.54 reported upregulation in ALP and Col I gene expression
under pulsed alternating current (6 V cm-1, 50 Hz, 6h/day) with mouse MSCs after 21 days of
ES. Our results with primed MSCs are in accord with this study. Col I is the main
extracellular matrix protein of bone and therefore Col I gene expression is essential for
osteogenic differentiation. In another study ES (sinusoidal, 10 Hz, 10 or 40 μA, for 6 h per
day) was reported to upregulate Runx2 in human MSCs after 14 days of ES.55 The difference
between these results and our study, may be due to the shorter time of ES in our study, or the
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different frequencies applied to MSCs. We chose the electrical conditions based on our earlier
studies.37, 40

A

B

Figure 8. A) Effect of ES on gene expression of MSCs without priming in osteogenic
medium (no pr; Donor 1) and with priming (pr; Donor 2). Results are shown as fold
difference relative to unstimulated control after 5 days of ES. B) Effect of ES on ALP activity
of all donors after 5 days of ES. Donor number is marked in brackets.

As gene expression of ALP under ES differed between primed and non-primed cells, we
further tested ALP activity. We found substantially higher ALP activity in primed cells under
ES compared to those not under ES for one donor (Donor 1, Figure 8B). However, for Donors
2 and 3, in the absence of priming, no significant changes in ALP activity after 5 days of ES
were seen. ALP activity is considered as an early osteogenic marker.56 The substantially
higher ALP activity of the stimulated group when MSCs were primed for 5 days may be
explained by a synergistic effect of chemical and electrical stimulus. This is in accordance
with previous results, where MSCs have been reported to require chemical osteogenic
induction in order to efficiently respond to ES.57-58

4. Conclusions
In this paper, we demonstrated the preparation of graphene biocomposites with different
graphene concentrations using a UV-crosslinkable PTMC matrix. The microscopic analysis
showed homogeneous dispersion of graphene nanosheets in the polymer matrix without
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hindering the UV penetration as evidenced by the characterization results. Furthermore, low
loadings of graphene at or below 3 wt.% resulted in significant enhancements in mechanical
properties and conductivity of the polymer.

The composites retained the inherent

processability of the polymer and could be extrusion printed into multi-layered 3D scaffolds.
MSC cells showed good attachment and viability on PTMC-CCG films and scaffolds similar
to that on standard PS culture plates and the graphene-PTMC composites were therefore
suitable substrates for studying the effects of electrical stimulation of MSCs. The increase in
ALP and col I gene expression and ALP activity suggest that ES can have an upregulating
effect on osteogenic markers, and the timing of biochemical and electrical induction is crucial
for obtaining upregulation. Longer osteogenic induction of MSCs before ES may have
triggered a stronger response to ES. However, it needs to be noted that ES experiments were
performed with cells from different donors which may have contributed to the variation in the
results. The PTMC-CCG composites with enhanced thermal, mechanical and electrical
properties at low graphene contents are promising materials for biomedical applications,
particularly for developing novel conducting scaffolds for tissue engineering.
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